Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

8-8-2009

Effects of microbial interactions on gene expression during the
wood decay process
Lee Christopher Mangum

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Mangum, Lee Christopher, "Effects of microbial interactions on gene expression during the wood decay
process" (2009). Theses and Dissertations. 1767.
https://scholarsjunction.msstate.edu/td/1767

This Graduate Thesis - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

EFFECTS OF MICROBIAL INTERACTIONS ON GENE EXPRESSION
DURING THE WOOD DECAY PROCESS

By
Lee Christopher Mangum

A Thesis
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Master of Science
in Forest Products
in the Department of Forest Products
Mississippi State, Mississippi
August 2009

Copyright by
Lee Christopher Mangum
2009

EFFECTS OF MICROBIAL INTERACTIONS ON GENE EXPRESSION
DURING THE WOOD DECAY PROCESS

By
Lee Christopher Mangum
Approved:
_________________________________
Susan Diehl
Professor
Department of Forest Products
(Director of Thesis)

_________________________________
Rubin Shmulsky
Department Head
Department of Forest Products
(Graduate Coordinator)

_________________________________
M. Lynn Prewitt
Assistant Research Professor
Department of Forest Products
(Committee Member)

_________________________________
Walter J. Diehl
Professor
Department of Biological Sciences
(Committee Member)

_________________________________
Darrel D. Nicholas
Professor
Department of Forest Products
(Committee Member)

_________________________________
George M. Hopper
Dean
College of Forest Resources

Name: Lee Christopher Mangum
Date of Degree: August 8, 2009
Institution: Mississippi State University
Major Field: Forest Products
Major Professor: Dr. Susan V. Diehl
Title of Study: EFFECTS OF MICROBIAL INTERACTIONS ON GENE
EXPRESSION DURING THE WOOD DECAY PROCESS
Pages in Study: 58
Candidate for Degree of Master of Science
Real-time RT-PCR was used to assess the effects of interspecific microbial
interactions on the expression of genes associated with lignin peroxidase, manganese
peroxidase and alcohol oxidase production during the wood decay process. Expression
levels of each gene were quantitated in one-, two- and multiple-organism interaction
tests with the basidiomycetes Trametes elegans, Phanerochaete chrysosporium,
Gloeophyllum sepiarium and Gloeophyllum trabeum. Compression strength loss of each
decay sample was measured and correlated with gene expression data. Soil microflora
actively producing lignolytic enzymes during wood decay were assessed and identified
using degenerative PCR coupled with denaturing gradient gel electrophoresis, cloning
and cycle sequencing. Differential expression was detected in three genes in the twoorganism interaction tests: manganese peroxidase in T. elegans interactions, lignin
peroxidase A in P. chrysosporium interactions and alcohol oxidase in G. sepiarium
interactions. A positive linear correlation was observed between lignin peroxidase A
expression and compression strength loss in P. chrysosporium interactions.
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CHAPTER I
LITERATURE REVIEW

Lignocellulosic materials have long been known to represent the most abundant
and widely distributed carbon and energy source on Earth. Microbial wood degradation
is therefore one of the most ubiquitous biological processes occurring in nature and
accounts for a great majority of the nutrient cycling observed in terrestrial ecosystems
worldwide (Rayner and Boddy 1988). Primarily responsible for much of this activity are
a collection of fungal species in the phyla Basidiomycota and Ascomycota, with other
fungi and bacteria occupying a slightly lesser role in the decay process except under
unique circumstances (Ruel and Barnoud 1985). Consequently, these primary decay fungi
are the focus of research, both previous and ongoing, which seeks to understand the
breakdown and metabolism of wood and other lignocellulosic materials.

Microbial Wood Decay

Physical and Chemical Structure of Wood
The complexity of the wood-decay process stems from the physically- and
chemically-ordered nature of wood itself. Lignocellulosic materials, as suggested by
their title, are composed primarily of cellulose in addition to lignin and hemicellulose in
varying amounts based on wood type, species, and age.
1

Cellulose exists as a

linear polymer composed of pairs of D-glucose molecules linked via ß-1,4-glycosidic
bonds into cellobiose monomers, which are in turn polymerized into chains of up to
10,000 units (Eaton and Hale 1993). Within the wood cell wall, cellulose microfibrils are
known to contain regions of both crystalline and amorphous structure in specific
arrangements. Closely associated with cellulose microfibrils are the hemicellulosesshorter, branched polymers that serve to bind the cellulose and lignin fractions together.
Hemicelluloses vary between angiosperms and conifers with O-acetylglucuronoxylan
predominating in hardwoods while O-acetylgalactoglucomannan is the major
hemicellulose in softwoods. More than one type of hemicellulose is found in a given
wood type, and the relative amounts of each are quite variable (Kirk and Cullen 1998).
Lignin differs from both cellulose and hemicellulose in that it is an irregular polymer
consisting of three phenylpropane monomers: coniferyl alcohol, sinapyl alcohol, and
para-coumaryl alcohol (Eaton and Hale 1993). Structurally, lignin acts to enhance the
rigidity of the wood cell wall through its hemicellulose-facilitated binding with cellulose.
Concentrations of lignin are known to vary among the different cell wall layers as well as
among cell types and wood species (Saka and Goring 1985). As a cell wall component,
lignin is much more resistant to enzymatic degradation than either hemicellulose or
cellulose and so serves as an impediment to biological attack on wood materials (Rayner
and Boddy 1988).

Enzymatic Degradation of Lignocellulosic Material
Bacteria and fungi are osmotrophs, and as such they employ a tightly controlled
two-part strategy in their utilization of a generally insoluble nutrient source such as wood.
2

Initially, enzymes are secreted from the hyphae into the surrounding aqueous
environment where they serve to fragment the substrate being utilized into units small
enough to cross the microbial cell membrane. Uptake of these molecules is followed by
metabolism to yield energy for cellular processes such as growth and division (Watkinson
1994). In order to liberate wood components for energy metabolism, the microorganisms
associated with wood degradation are capable of producing enzymes that can
depolymerize cellulose, hemicellulose and lignin via either direct enzymatic binding and
cleavage of the substrate or through the enzyme catalyzed production of radicals that
oxidize cell wall components in a nonspecific manner. These highly reactive radical
molecules act to not only liberate substrate molecules for enzymatic cleavage, but also
serve to open the compact structure of wood to expose additional enzyme binding sites
and allow increased enzyme penetration (Reading, Welch and Aust 2002).

Degradative Enzymes
As a glucose polymer, cellulose represents a major energy source for
microorganisms able to depolymerize it. Wood decay fungi are generally considered to
produce several types of cellulolytic enzymes, each of which acts upon the ß-1,4glycosidic bonds between glucose molecules in the cellulose chain in a different manner
(Teeri 1997). Endo-1,4- ß-glucanases can hydrolyze bonds at amorphous regions within
the cellulose strand, resulting in the rapid formation of short chains. Conversely, exo1,4-ß-glucanases, also known as cellobiohydrolases, attack only the free ends of the
cellulose strand and release cellobiose subunits (Eriksson and Wood 1985).

These

cellobiose molecules can be subsequently acted upon by 1,4-ß-glucosidases, which
3

hydrolyze the lone glycosidic bond to yield two glucose molecules, or by the hydroxyl
radicals produced by cellobiose dehydrogenase. The latter enzyme is known to catalyze
the production of hydroxyl radicals by reducing Fe3+ and O2 to form Fe2+ and H2O2,
which then undergo the Fenton reaction and liberate ·OH. In addition to acting on
cellobiose, hydroxyl radicals have been implicated in the nonspecific cleavage of
cellulose and hemicellulose fibers as well as lignin (Eriksson and Wood 1985, Hammel et
al. 2002, Krusa et al. 2005).
In contrast to cellulose, hemicelluloses are composed of several different
monosaccharide subunits, and hydrolysis is accomplished by a number of different
enzymes, each specific to a certain subunit. Hemicellulases are characterized based on
the molecules they act upon into groups such as xylanases, mannanases, and
galactanases, which attack glycans in the linear hemicellulose chain and the glycosidases
that can cleave both the side chains attached to the hemicellulose molecule and the
fragments liberated by depolymerization.

Similar to the cellulases, hemicelluloytic

enzymes possess the ability to act in both an endo- and exo- fashion to degrade
completely the hemicellulose chain (Dekker 1985, Sjöström 1993).

Reactive oxygen

species, such as hydroxyl and other radicals, may also play an important role in fungal
utilization of hemicellulose as a nutrient source, but the details of this process are not
well characterized (Hammel et al. 2002).
Fungal depolymerization of lignin differs greatly from that of cellulose and
hemicellulose metabolism in several key areas. Chemically, lignin degradation involves
a series of nonspecific oxidation reactions that contrast with the more specific hydrolysis
reactions of polysaccharide metabolism (Chen and Chang 1985). From a biological
4

perspective, enzymatic attack on lignin on a significant scale is unique to fungal species
belonging to the phylum Basidiomycota, although several other species of bacteria and
fungi are known to depolymerize lignin in lesser amounts. Basidiomycetes employ three
major enzymes in lignin degradation: lignin peroxidase, manganese peroxidase, and
laccase (Kirk and Cullen 1998).
Lignin peroxidase relies on extracellular H2O2 as an oxidizing agent to transform
the enzyme into a reactive state that is capable of oxidizing bonds within the lignin
polymer. Studies suggest that lignin peroxidase is unable to penetrate intact wood and is
therefore limited to attacking lignin molecules directly only in superficial or otherwise
exposed regions (Daniel, Nilsson and Pettersson 1989). The enzyme may have the ability
to circumvent this limitation by oxidizing diffusible, low molecular weight substances,
such as peroxyl radicals that are able to degrade lignin within the cell wall structure in a
non-enzymatic manner (Kirk and Cullen 1998, Messner et al. 2003).
Manganese peroxidase is similar to lignin peroxidase in that H2O2 is needed as an
oxidizing agent, but differs significantly in mode of action. It is hypothesized that the
enzyme oxidizes Mn(II) to Mn(III), which is then chelated to form a diffusible product
able to induce lignin oxidation by attacking phenolic compounds to form phenoxy
radicals (Glenn, Akileswaran and Gold 1986). Additionally, manganese peroxidase may
be able to produce other diffusible oxidative compounds from various lipids that act to
depolymerize lignin (Messner et al. 2003).
Laccases are known to oxidize several lignin components, including both
phenolic and nonphenolic compounds, in the presence of intermediates to yield radicals
that will nonspecifically cleave lignin. Similar to lignin and manganese peroxidase,
5

small, diffusible molecules are believed to play a major role in these oxidation reactions.
Laccases differ from the aforementioned peroxidases in that no H2O2 is required for
enzyme activity (Couto and Herrera 2006, Kirk and Cullen 1998).
Several enzymes are known to play a supporting role in lignin degradation
through the production of H2O2 for use by lignin and manganese peroxidase as well as for
hydroxyl radical production in the Fenton reaction. Three well-known examples of these
enzymes include glyoxyl oxidase, aryl alcohol oxidase, and alcohol oxidase. Glyoxyl
oxidase reduces O2 to H2O2 through the oxidation of various aldehydes. Aryl oxidase
similarly reduces O2, but obtains the required electrons from the oxidation of benzyl
alcohols. Alcohol oxidase efficiently catalyzes H2O2 production by oxidizing methanol
as the primary substrate. The substrates utilized by these enzymes may be secreted by the
hyphae, as in the case of aryl alcohol oxidase, or can be products of prior lignin
degradation, as is the methanol used by alcohol oxidase. Glyoxyl oxidase is known to
utilize substrates from a combination of both sources (Daniel et al. 2007, Kirk and Cullen
1998).

Fungal Decay Types
In broad terms, the array of degradative enzymes that a fungal strain possesses,
and consequently the degradative mechanisms it uses, can be employed to assign that
strain loosely to one of three groups, each associated with a particular type of wood
decay. The first two decay types, white-rot and brown-rot decay, are attributed to fungi of
the phylum Basidiomycota. The third decay type, soft-rot, is most often ascribed to
ascomycetes or deuteromycetes. Each of these decay types has historically been
6

associated with a certain wood type, with white- and soft-rots often portrayed as affecting
primarily hardwood species, while brown-rots are commonly associated with softwood
decay. These distinctions are by no means absolute, as all three decay types can be found
on wood of any species (Daniel 2003, Rayner and Boddy 1988).
White-rot basidiomycetes are considered to have the greatest diversity of wood
decay enzymes and are viewed as the only fungi capable of completely mineralizing the
lignin component of wood in addition to cellulose and hemicellulose. As a whole, whiterot basidiomycetes are known to possess a full suite of cellulases, including both endoand exo-1,4-ß-glucanases in addition to 1,4-ß-glucosidases (Eriksson and Wood 1985).
This group of fungi also utilizes lignin peroxidase, manganese peroxidase and laccases in
the destruction of lignin, a feature not seen in brown-rot fungi (Daniel et al. 2007). The
H2O2 producing enzymes glyoxyl oxidase and aryl alcohol oxidase are also most often
associated with the white-rots (Kirk and Cullen 1998). The progression of lignin removal
by white-rot fungi is variable and can be broadly labeled as either simultaneous or
selective decay. The former type is characterized by depolymerization of cellulose,
hemicellulose and lignin at the same time while the latter involves the selective removal
of only the lignin and hemicellulose fractions with little to no cellulose degradation
(Messner et al. 2003).
Brown-rot decay is caused by a group of basidiomycetes lacking several of the
degradative enzymatic pathways found in the white rots. In the cellulolytic system,
brown-rots do not possess exo-1,4-ß-glucanases, but must instead rely on endo-1,4-ßglucanases and small, diffusible agents, such as radicals generated by the Fenton system,
to depolymerize cellulose. These fungi also lack the peroxidases and laccases found in
7

white rots and are capable of degrading lignin only to a minor extent using nonenzymatic means (Douglas et al. 1991).

Similar to cellulose utilization, lignin

modification and depolymerization is believed to be primarily accomplished by a number
of low molecular weight agents arising from Fenton reactions and related mechanisms.
The presence of enzymes known to catalyze H2O2 production, such as alcohol oxidase, in
certain brown-rot species supports this notion (Daniel et al. 2007, Goodell 2003).
The fungi responsible for soft-rot decay are a collection of ascomycetes and
deuteromycetes capable of surviving under conditions that are not favorable for
basidiomycete growth. Such conditions include elevated temperature and moisture as
well as the presence of wood preservative agents. As a result, soft-rots represent a major
decay agent in treated wood, particularly when exposed to a high-moisture environment
(Eaton and Hale 1993).

Enzymatically, soft-rot fungi possess a similar cellulolytic

system to white-rots in that both endo- and exo-1,4-ß-glucanases as well as 1,4-ßglucosidases are expressed (Eriksson and Wood 1985).

With respect to lignin

degradation, soft-rots lack peroxidases but may possess laccase and other oxidative
enzymes such as phenol oxidase (Shary, Ralph and Hammel 2007).

Interactions among Wood-Decay Microorganisms

Overview of the Wood-Decay Community
In a natural setting, wood is a resource of value to a large number of microbial
species. Consequently, more than one species may colonize a particular unit of woody
biomass at a given time, and it is this active, dynamic community that is ultimately
responsible for complete utilization of the material. Patterns of succession are evident in
8

the wood-decay community throughout the process, with a general trend from early
colonizers such as bacteria and molds to stain fungi and, finally, the Ascomyota and
Basidiomycota (Eaton and Hale 1993, Rayner and Boddy 1988). Driving this shift in
microbial decay populations are the continuously changing nature of both the wood
substrate and abiotic environmental factors such as temperature and moisture content, as
well as a complex series of interactions among the microbes themselves (HeilmannClausen and Boddy 2005). A particular wood-decay organism’s competitiveness, or
fitness, to initially obtain and then hold a particular region of wood substrate for a length
of time is dictated primarily by that organism’s genetic makeup. It is the types of genes
an organism possesses that determine how it will respond to the specific chemical and
physical composition of the substrate it is attempting to utilize, if it can survive and
metabolize under the environmental conditions present at the time, and, finally, how it
will interact with other organisms that it will encounter during the course of its
colonization, expansion and reproduction (Eaton and Hale 1993, Heilmann-Clausen and
Boddy 2005, Klein 2007).

Fungal Competition in the Wood-Decay Process
Assuming that a wood substrate possesses the required nutrient resources and that
the environment is favorable to the survival of more than one species, a microorganism’s
role in the wood degradation process largely depends on its interactions with other
microflora. As stated by Rayner and Boddy (1988), each active organism resides within a
certain space, which it influences through the depletion of nutrient reserves and the
excretion of chemical products. Interactions arise when the areas of influence of two
9

organisms occupy the same space either simultaneously or discontinuously. An example
of the latter scenario might include the inhibition or stimulation of a secondary colonizer
by metabolites left behind by an earlier organism.

For wood-decay fungi, most

interactions can be divided into either passive or active competition, though there is some
disagreement regarding the distinction between these classes (Boddy 2000, HeilmannClausen and Boddy 2005).

Passive Competition
Passive competition among fungi encompasses all those interactions that do not
involve direct physical or chemical contact between organisms. Competition of this type
revolves around the acquisition of newly available, uncolonized wood substrate and the
subsequent exclusion of other organisms from this resource due to space limitations or
nutrient depletion. Success depends on the ability of an organism to rapidly reach the
new resource, either via spores or mycelial growth, and begin utilization ahead of any of
its competitors (Boddy 2000). Fungi that employ this strategy are generally short-lived in
the decay community and often give way to other types of colonizers, some of which may
rely on metabolites left by the previous inhabitant for growth (Eaton and Hale 1993,
Heilmann-Clausen and Boddy 2005).

Some primary colonizers are known to release

defensive chemical products that serve to antagonize or otherwise inhibit other fungal
species that may try to enter the former organism’s area of influence. While such
interactions are a part of primary resource capture, some authors classify them as a form
of active competition, as discussed in the next section (Boddy 2000, Eaton and Hale
1993).
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Active Competition
The majority of interactions among wood-decay fungi can be considered as
active, or combative, competition (Boddy 2000).

This includes such activities as

secondary resource capture, in which one organism overtakes another for control of a
resource, as well as the aforementioned fungal chemical and physical defense of a
resource against invading species. Because both ascomycetes and basidiomycetes are
capable of parasitizing and being parasitized by other wood-decay fungi, mycoparasitism
is also considered a form of active competition influencing the wood-decay process
(Rayner and Boddy 1988).

In accord with their varied nature, combative fungal

interactions can take the form of hyphal and chemical antagonisms or shifts in mycelial
behavior, depending on both the mechanism of interaction and the physiological
responses of the active parties. Regardless of the mechanism, combat among wooddecay fungi results in either the replacement of one organism by a stronger competitor or
a sort of stalemate in which neither organism gains dominance (Boddy 2000, Eaton and
Hale 1993, Heilmann-Clausen and Boddy 2005).
Hyphal interactions are defined by physical contact between the hyphae of two
different fungi that elicits a physiological response from one or both organisms. In the
case of hyphal interference, this response consists of the release of cytotoxic metabolites
that cause cell death in neighboring hyphae. Both organisms may subsequently die back
from the interaction zone or one may advance into the newly opened space previously
held by its competitor. Mycoparasitism is similarly initiated by hyphal contact, but the
response instead consists of parasitic behavior in which one organism binds with or
penetrates the living or dead hyphae of another to extract nutrients. Such behavior has
11

been observed in fungi known to be obligate parasites as well as in wood-decay
ascomycetes and basidiomycetes that employ parasitism in an opportunistic manner
(Boddy 2000, Heilmann-Clausen and Boddy 2005, Inbar, Menendez and Chet 1996).
Many species of wood-decay fungi are known to produce biologically active
chemical agents capable of interfering with the growth and metabolism of potential
competitors. In contrast to hyphal interactions, chemical antagonism requires no physical
contact between combatants and can exert an effect at a considerable distance from the
source organism. As such, this is a common means of resource defense used by woodinhabiting organisms to repel invading species, with or without recognition between
competitors. Volatile and diffusible metabolites as well as extracellular enzymes have
been implicated in chemical antagonism among fungi, with some agents able to persist in
the wood substrate for an extended period. It is believed these persistent chemicals play a
role in the succession patterns observed over the course of the decay process by exerting
a inhibitory or stimulatory effect on later colonizers (Boddy 2000, Hardy and
Sivasithamparam 1995, Heilmann-Clausen and Boddy 2005, Rayner and Boddy 1988,
Score, Palfreyman and White 1997).
Fungal interactions on the mycelial level are necessarily preceded by physical or
chemical contact between two competing organisms. In response to the presence of
another organism, many wood-decay fungi will undergo changes in mycelial
morphology. Such changes may take the form of invasive or defensive “fronts” that are
visibly and chemically different from the rest of the fungal colony. Mycelial cords are
also known to originate at interaction zones and may represent attempts by one of the
combatant species to invade the substrate occupied by the other or to quickly locate
12

additional resources (Boddy 2000, Donnelly and Boddy 2001, Heilmann-Clausen and
Boddy 2005, Rayner and Boddy 1988).

Frequently associated with gross mycelial

interactions on culture plates are local alterations in pigment content and enzyme activity
that represent some of the chemical competition strategies employed by these organisms
in addition to the formation of physical structures (Donnelly and Boddy 2001, Rayner
and Boddy 1988, Score, Palfreyman and White 1997).

Differential Gene Expression
The multitude of physiological responses attributed to the various forms of
interaction among wood-decay fungi serve to illustrate the diversity of metabolic and
regulatory pathways present within their genomes. Fungi, like all other organisms, utilize
a broad array of transcriptional, translational, and post-translational mechanisms to
regulate the types and levels of proteins they produce at a given time under certain
conditions (Bradshaw, Brickey and Walker 1998). From the human perspective, an
understanding of the factors that influence these regulatory mechanisms is necessary to
better control and utilize these organisms for our benefit. Of particular significance to the
forest products industry are those conditions and interactions that induce changes in the
relative amounts of wood-degradation enzymes fungi produce.

Commercial and

agricultural application of this knowledge may yield enhancements in commercial
enzyme production, biological control of pathogens and decay organisms, biopulping,
and biomass conversion.
A substantial amount of research has been conducted concerning the behavior and
enzyme production of wood-decay fungi under varying conditions. Abiotic
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environmental factors such as temperature, moisture availability, and O2 and CO2
concentrations have been considered as well as various interspecific interactions (Hendry,
Boddy, and Lonsdale 2002, Iakovlev and Stenlid 2000, Score, Palfreyman and White
1997). Only relatively recently, however, have studies been conducted that attempt to
use highly sensitive molecular biology methods to identify interspecific interactions that
affect the expression of genes related to the production of wood-degradation enzymes
(Soden and Dobson 2001, Yakovlev et al. 2008, Shary et al. 2008).

Molecular Methods in Gene Expression Research
A vast array of specialized techniques have been developed to study the
intricacies of the genetic processes that dictate all life.

Many methods focus on

transcription, the first step in protein synthesis in which the information encoded in DNA
is transcribed into RNA. RNA sequences dictate the amino acid sequence in proteins and
so represent that portion of an organism’s genome that is actually being expressed. The
relative amounts of RNA transcripts present within a cell reflect the level at which these
genes are expressed and are indicative of the amount of the encoded structural protein or
enzyme that will be produced. Consequently, molecular techniques such as real-time
reverse transcriptase polymerase chain reaction (real-time RT-PCR) can enable a rapid
and accurate examination of differential gene expression during competition or under
various conditions.

RT-PCR coupled with denaturing gradient gel electrophoresis

(DGGE) and gene sequencing can also provide a culture-independent means of
indentifying actively participating species within the wood-decay community.
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Real-Time RT-PCR
Real-time reverse transcriptase PCR is a relatively new quantitative technique for
measuring levels of selected RNA transcripts in a sample. The process begins with the
conversion of RNA to single-stranded cDNA by reverse transcriptase. This cDNA is then
amplified using the polymerase chain reaction in the presence of a fluorescently labeled
probe or dye capable of binding the PCR product. Upon excitation, the bound fluorescent
moiety emits light at a much greater intensity than its unassociated counterparts. As
amplification continues, more product is produced and fluorescence increases until it
reaches a level, or threshold, at which it is detectable by imaging equipment. The PCR
cycle at which the threshold is reached, expressed as CT, is determined by the number of
cDNA molecules present at the beginning of the reaction. Lower CT values imply higher
initial concentrations and, therefore, higher expression levels of that specific transcript in
the original sample (Deprez et al. 2002). In order to compare expression levels between
samples, an internal standard must be paired with the gene of interest to account for the
variability introduced by sampling and handling inconsistencies. This standard consists
of a gene that is constitutively expressed in the organism under investigation and does not
vary in expression level among all treatment groups. Frequently used genes include
glyceraldehyde-3-phosphate dehydrogenase, β-actin, and 18S and 28S rRNAs, with
ribosomal RNA considered to be a better control molecule due to less expression
variability under diverse conditions (Zhong and Simons 1999).
Using this technique, the impact of various interspecific interactions on wooddecay fungi at the genetic level can be reliably determined. Relative changes in gene
expression among different treatments, or interacting groups, can be calculated from the
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control and experimental CT data using the 2-ΔΔCT method. Expression levels are detailed
as fold expression with an untreated control group representing 1-fold, or normal
expression (Livak and Schmittgen 2001).

Real-time RT-PCR has several distinct

advantages over more traditional methods of quantitating enzyme production in wooddecay as it is a highly specific assay that can provide significantly more detailed
information about the biochemical processes taking place. Because this technique relies
on the specific amplification of only a small section of a gene, it is capable of easily
distinguishing between two or more closely related enzymes with similar functions that
may be expressed at the same time (Luis et al. 2005). This level of specificity presents
obvious advantages over more traditional biochemical assays. Further, RT-PCR has been
demonstrated to quantitate changes in the expression levels of individual isoforms of the
same protein, as each can be affected differently by interspecific interactions or other
stimuli (Soden and Dobson 2001).

Denaturing Gradient Gel Electrophoresis
Denaturing gradient gel electrophoresis is a separation technique widely used to
resolve DNA fragments with differing base-pair sequences that are of similar length. In
addition to its applications in microbial community and screening studies, this technique
can be used to examine patterns of enzyme expression during the wood-decay process as
well as identify the species involved (Muyzer and Smalla 1998). To accomplish this,
RNA extracted from a wood or soil sample is converted to cDNA by reverse transcriptase
and subsequently amplified using PCR primers specific to the enzyme of interest. The
PCR product is electrophoresed on an acrylamide gel containing a gradient of chemical
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denaturant such as urea and formamide.

Depending on their specific nucleotide

sequence, each unique double-stranded amplicon will partially denature into a branched
structure once a certain denaturant concentration is reached. This branched conformation
impedes the fragment’s movement through the gel and allows for separation of the
amplicon pool into bands containing only one unique sequence (Sigler and Zeyer 2004).
Because each band represents a single unique transcript, the resulting pattern is a profile
of the genes coding for the enzyme of interest that were being expressed at the time of
sampling. Further resolution can be accomplished by excising each band and sequencing
the DNA it contains. Comparison of the resulting nucleotide sequence against a database
such as GenBank has the potential to identify the specific enzyme it encodes as well as
the species that produced the transcript. As a result, it is possible to determine the
individual species actively producing an enzyme of interest within the decay community
(Pointing et al. 2005).
Overview of Research
The objectives of this study were to 1) evaluate selected degradative enzyme
expression and wood degradation by a single decay microorganism, 2) examine
differences in gene expression and decay progression in two-organism interaction tests
relative to single organism controls, 3) examine multiple-organism interactions resulting
from soil microflora colonization of wood with regard to gene expression and decay rate,
and 4) determine the identity and diversity of soil microorganisms actively producing
degradative enzymes during the decay process.

All decay tests were conducted in

accelerated decay chambers under controlled conditions.
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CHAPTER II
MATERIALS AND METHODS

Gene Expression Procedures

Accelerated Decay Chamber Setup
This study used a modified version of the AWPA soil-block test (Standard E22)
to allow microbial growth and interaction on wood under controlled conditions (AWPA,
2007). The accelerated decay chambers used in this study consisted of round plastic
containers 110mm in diameter and 80mm deep with matching lids. Lids were perforated
and a small cotton plug was inserted to allow gas exchange while maintaining sterility.
Each chamber was filled with 150g soil to which 75mL deionized water was initially
added. The soil used in all chambers was collected from the Dorman Lake test site in the
John Starr Memorial Forest near Starkville, MS. Soil was sifted and all visible detritus
was removed prior to use. Two Southern Yellow Pine (SYP) sapwood feeder strips
measuring 3mm x 20mm x 65mm (t x r x l) were subsequently placed on the soil surface
in each container with a 1cm gap between strips. Chambers were sealed with lids and
sterilized by autoclaving for 40 minutes at 16psi at 122°C.
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Culture and Inoculation
Four different wood-decay basidiomycetes were chosen as inocula in the
microbial interaction portion of this study. The two white-rot fungi, Phanerochaete
chrysosporium and Trametes elegans, were selected based on the ability of these
organisms to produce lignin and manganese peroxidase enzymes implicated in the lignin
modification and depolymerization processes during wood decay. Two brown-rot fungi,
Gloeophyllum trabeum and Gloeophyllum sepiarium, were included due to their
production of an alcohol oxidase known to catalyze the production of H2O2 potentially
utilized in the Fenton reaction for the synthesis of hydroxyl radicals. All organisms were
grown and maintained on malt agar (BD, Fisher) media plates.
Sterile decay chambers were inoculated by removing 6mm plugs from actively
growing mycelia on these plates and placing the plugs immediately adjacent to the SYP
feeder strips on the soil surface.

Control containers were inoculated with a single

organism to provide a baseline for decay enzyme expression under pure culture
conditions. Two-organism interaction test containers were inoculated with two different
basidiomycetes to examine the effects of interspecific interactions between known
organisms on gene expression and decay rate. For use in the multiple-organism tests,
sterile chambers were inoculated with a single organism to allow colonization of the
feeder strips prior to exposure to the soil microbial community. All six possible pairings
of the four selected basidiomycetes, as well as controls and multiple-interaction
chambers, were set up in triplicate to yield 12 individual replicate samples of each
treatment. Following inoculation, all chambers were sealed and incubated at 28°C for 14
days to allow colonization of the feeder strips.
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Test Samples and Incubation
The test samples used in the gene expression portion of this study consisted of
Southern Yellow Pine wafers measuring 24 x 18 x 5mm (t x r x l). All wafers were cut
from 24 x 18mm (t x r) stock in sets of 12. Wafers cut immediately adjacent to each test
wafer were retained as unexposed controls for compression strength loss testing. All
wafers (test and control) were autoclaved prior to use in order to prevent contamination
of the accelerated decay chambers.
Following the initial 14-day incubation of all inoculated decay chambers, feeder
strips were removed from the inoculated multiple-interaction containers and placed in a
newly prepared accelerated decay chamber containing 150g of unsterilized soil and 75ml
deionized water. One- and two-organism chambers were left intact. In all chambers, two
test wafers were placed on opposite ends of each feeder strip for a total of four wafers per
container. Ten milliliters of sterile deionized water was added to the soil in the intact
containers before all chambers were sealed and incubated at 28°C for an additional 30
days to allow colonization and decay of the test wafers. Figure 2.1 details decay chamber
layout, inoculation pattern, and test wafer placement.

Sample Preparation
Following incubation, test wafers were removed from the accelerated decay
chambers and 0.15g sawdust was removed from one edge using a sterilized rasp for
immediate RNA extraction. Both control and test wafers were subsequently trimmed to
18 x 18 x 5mm (t x r x l) to remove the rasped edge, if present, and prepare the wafer for
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compression strength testing. All wafers were stored at 4°C to slow decay progression
until compression strength testing could be carried out.

Species A
Inoculum

Species B
Inoculum

Test
Wafer

Feeder
Strip

Feeder
Strip

Plastic
Container

Sterilized
Soil

Figure 2.1: Diagram detailing layout of accelerated decay chamber, inoculation pattern,
and test wafer placement.

RNA Extraction and cDNA Preparation

Extraction
RNA extraction was carried out using the Ambion RNAqueous Total RNA
Isolation Kit (Ambion, Austin, TX). Each 0.15g sawdust sample was placed in two-2mL
screw-top tubes, 0.075g each, with two 5mm glass beads, 750μL binding buffer, and
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75μL of Ambion Plant Isolation Aid. Samples were homogenized on a Biospec Mini
Beadbeater bead mill (Biospec, Bartlesville, OK) for six minutes at maximum speed.
The tubes were subsequently centrifuged at 11,000 x g for two minutes and the
supernatant was collected in a new 1.5mL tube and centrifuged again to remove any
suspended debris. Seven hundred fifty microliters of the clarified supernatant was mixed
with an equal volume of 64% ethanol and passed through the silica membrane filter
cartridge using a vacuum manifold. Filter cartridges were repeatedly washed to remove
contaminants before being dried by centrifugation for one minute at 11,000 x g. RNA
was eluted from each silica membrane using two aliquots, 40μL and 20μL, of preheated
70°C elution buffer.

DNase Treatment
Genomic DNA contamination in the eluted RNA samples was removed using the
Ambion TURBO DNA-free Kit. One microliter DNase I and six microliters DNase
buffer were added to each sample and incubated at 37°C for 25 minutes. Six microliters
of DNase Inactivation Reagent were added to each sample and incubated for two minutes
at room temperature to remove the enzyme. Samples were centrifuged at 11,000 x g for
two minutes to pellet the inactivation reagent and the supernatant was transferred into a
clean 1.5mL storage tube. All RNA samples were quantitated using a NanoDrop 1000
spectrophotometer (Thermo Scientific, Waltham, MA) prior to storage at -70°C.
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cDNA Synthesis
Total RNA was reverse transcribed to cDNA using the Bio-Rad iScript cDNA
Synthesis Kit (Bio-Rad Laboratories, Hercules, CA). Based on quantitation data, cDNA
synthesis reactions were standardized to 0.05μg template RNA each.

Reverse

transcriptase positive (RT+) 20μL reactions included 4μL of 5x iScript Reaction Mix and
1μL reverse transcriptase in addition to the required volumes of template RNA and water.
The iScript Reaction mix contains a mix of oligo (dT) and hexamer primers that permits
reverse transcription of both rRNA and mRNA. Reverse transcriptase negative (RT-)
reactions were also set up that contained identical reagents and template to the RT+
reactions, but lacked reverse transcriptase to allow screening of samples for genomic
DNA contamination. cDNA synthesis was carried out on an Eppendorf Mastercycler
(Eppendorf, Hamburg, Germany) and consisted of a 5 minute incubation at 25°C
followed by 30 minutes at 42°C and 5 minutes at 85°C.

Real-Time RT-PCR Procedures

Primer Design
Expression levels of five different lignolytic enzymes were examined in the control and
interaction samples using real-time RT-PCR.

Species-specific primer pairs were

designed to amplify cDNA sequences corresponding to lignin peroxidase isoform A and
manganese peroxidase I from Phanerochaete chrysosporium, lignin peroxidase I and
manganese peroxidase I from Trametes elegans. A primer pair for an alcohol oxidase
from Gloeophyllum spp. was also developed. Species-specific primers for the internal
transcribed spacer I (ITS I) region of each of the four basidiomycetes under consideration
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were also created to provide an internal standard to account for sampling and handling
inconsistencies. Due to the variability of the fungal ITS I region, use of this gene as an
internal standard allowed the transcriptional activity of a single organism to be accounted
for in a mixed-species experiment. Such resolution is not possible with more commonly
used internal standards such as glyceraldehyde-3-phosphate dehydrogenase, β-actin, and
18S rRNA. A basidiomycete-specific 18S primer set was created to allow rapid detection
of basidiomycete rRNA in extracted samples to confirm colonization and growth. All
primers were designed using Beacon Designer 4.0 software (Premier Biosoft
International, Palo Alto, CA) using consensus sequences obtained from alignments of
NCBI Genbank sequence data in Lasergene MegAlign (DNASTAR, Madison, WI).
Primer sequences are detailed in Table 2.1. For use in real-time RT-PCR, amplicon
length was limited to 90-150bp. Optimum annealing temperature for each primer pair
was determined empirically using conventional PCR with Bio-Rad iQ Supermix PCR
mastermix with an annealing temperature gradient followed by electrophoresis of PCR
products on 2% agarose gel containing GelStar nucleic acid gel stain (Lonza Rockland).
Amplification was performed with 300nM each primer and 1μL template cDNA on an
Eppendorf Mastercycler (Eppendorf, Hamburg, Germany) using a 3 minute 95°C hot
start followed by 35 seconds 94°C denaturing, 55 seconds variable temperature
annealing, and 1 minute 72°C extension for 35 cycles with a final 10 minute 72°C
extension. All primer pairs were checked for cross-specificity against cDNA from all
organisms under consideration via conventional PCR amplification with Bio-Rad iQ
Supermix using the above protocol followed by gel electrophoresis on 2% agarose
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containing GelStar nucleic acid gel stain (Lonza Rockland). UV transillumination
revealed no detectable cross-specificity in any species-specific primer set.
Table 2.1: Target organism, target gene, and nucleotide sequence of all oligonucleotide
primers used in the gene expression study. Primer name refers to abbreviation
used in text.

Target Organism

Target Gene

Primer Name

Sequence

P. chrysosporium

Manganese Peroxidase I

PC Mnp1 F

5’- CGGCTCCATGCTCCTGTTC

P. chrysosporium

Manganese Peroxidase I

PC Mnp1 R

5’- GCTGATCGTGTTGTGCTTCTG

P. chrysosporium

Lignin Peroxidase isoform A

PC Lip A F

5'- TTCGTCAACAACCAGTCCAAGC

P. chrysosporium

Lignin Peroxidase isoform A

PC Lip A R

5'- GGGTGAGGGCGAGGAAGATG

T. elegans

Manganese Peroxidase

TV Mnp F

5’- GGCGAGTGTGGCGAGGAG

T. elegans

Manganese Peroxidase

TV Mnp R

5’- GCGGGAGGCGATGGAAGG

T. elegans

Lignin Peroxidase I

TV Lip1 F

5’- GCAGATGTTCCAGTTCGTGTTC

T. elegans

Lignin Peroxidase I

TV Lip1 R

5’- GATGTCGGCGTTGCTCAGG

G. trabeum

Alchohol Oxidase

GT AOX F

5’- TTCTGGAGAGGTCTGGTGTCG

G. trabeum

Alchohol Oxidase

GT AOX R

5’- CCGTGGTGATGGAATCGTTGG

G. trabeum

Internal Transcribed Spacer region I

GT ITS 1 F

5’ CGCAGTGTTTATAGTGATACATAGGC

G. trabeum

Internal Transcribed Spacer region I

GT ITS 1 R

5’ AGCCTGACATGGAGCCAAGC

G. sepiarium

Internal Transcribed Spacer region I

GS ITS 1 F

5’ TCTACTCAATCCAACCTTACACCTG

G. sepiarium

Internal Transcribed Spacer region I

GS ITS 1 R

5’ CATAGGAAGAGCGACCAGAACAAG

P. chrysosporium

Internal Transcribed Spacer region I

PC ITS 1 F

5’ CACTTGTTGTAGGTCGGTAGAAGAG

P. chrysosporium

Internal Transcribed Spacer region I

PC ITS 1 R

5’ GCGTTTGTAGTATAACATAGGAAGGC

T. elegans

Internal Transcribed Spacer region I

TE ITS 1 F

5’ TGTAGGTTTGGCGTGGCTTTC

T. elegans

Internal Transcribed Spacer region I

TE ITS 1 R

5’ TCCCTACTCAATCCCACCTTACAC

Basidiomycota

18S Ribosomal Subunit

BS 18S F

5'- ACATCCAAGGAAGGCAGCAG

Basidiomycota

18S Ribosomal Subunit

BS 18S R

5'- ATAAGACCCGAAAGAGCCCTATATTG

Preliminary Screening
Following total RNA extraction, all samples were screened for the presence of
basidiomycete 18S rRNA via conventional PCR to ensure colonization of the test wafers
had taken place.

Amplification was performed with Bio-Rad iQ Supermix PCR
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mastermix using 300nM each of primers BS18SF and BS18SR with 1μL template cDNA
on an Eppendorf Mastercycler (Eppendorf, Hamburg, Germany).

The amplification

protocol utilized a 3 minute 95°C hot start followed by 35 seconds 94°C denaturing, 55
seconds annealing at 55°C, and 1 minute 72°C extension for 35 cycles with a final 10
minute 72°C extension.

PCR products were electrophoresed on 2% agarose gel

containing GelStar nucleic acid gel stain (Lonza Rockland) and visualized via UV
transillumination. Samples exhibiting no apparent amplification of the basidiomycete
18S fragment were considered to be uncolonized at the time of sampling and were not
included in the gene expression portion of the study.

Real-Time RT-PCR
Real-time RT-PCR was carried out on a Bio-Rad iCycler 5 Multicolor Real-Time
PCR Detection System (Bio-Rad Laboratories, Hercules, CA).

In an experimental

comparison of one-step and two-step real-time RT-PCR chemistries, the Bio-Rad iScript
One-Step RT-PCR Kit with SYBR Green I yielded the greatest consistency among
replicate reactions and was subsequently used to perform all gene expression assays. In
this protocol, cDNA synthesis and PCR amplification are carried out on a RNA template
in the same reaction.
All gene expression assays were performed on 96-well PCR plates, with one gene
of interest from one organism being assayed on each plate.

For the two-organism

interaction test samples, eight individual replicate samples of the three different
interactions involving the species under consideration in addition to eight individual
replicate samples of the one-organism controls for that species were included on each
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plate for a total of 32 individual templates. For the multiple-organism interaction test
samples, each plate contained eight individual replicate samples of the one-organism
controls and eight individual replicate samples of the inoculated test wafers incubated
with unsterilized soil. Uninoculated control samples incubated with unsterilized soil
yielded no detectable 18S basidiomycete rRNA and were omitted. In all cases, each
replicate represented a single RNA extraction from a single test wafer. In order to screen
for genomic DNA contamination of RNA samples, controls lacking reverse transcriptase
were included in every sample set. Control reactions lacking template RNA were also
included to monitor for DNA or RNA contamination of reagents.
One-step RT-PCR reactions were performed in duplicate for each sample to
amplify both the gene of interest and the requisite species-specific ITS I internal standard.
Each 50μL reaction contained 25μL 2X SYBR Green Reaction Mix, 300nM each primer,
1μL RNA template as 10μL of a 1/10 dilution, and 1μL iScript reverse transcriptase. The
reaction protocol consisted of a 10 minute cDNA synthesis run at 50°C followed by a 5
minute 95°C reverse transcriptase inactivation step prior to 45 cycles of PCR
amplification and detection consisting of 10 seconds at 95°C followed by 30 seconds at
the optimum primer annealing temperature. To rapidly check amplification specificity,
melt curve analysis of the resulting PCR product was performed immediately following
the amplification step consisting of a 1 minute incubation at 95°C to denature doublestranded products followed by 1 minute annealing at 55°C prior to 80 cycles of 10
seconds each with a temperature increase of 0.5°C per cycle.
Following amplification, CT for each sample was calculated using a computer
determined threshold. Melt curve data was reviewed manually and reactions displaying
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poor target specificity were discarded. Gene expression data for the gene of interest was
normalized against expression data for the ITS I internal standard using the 2-ΔΔCT
method. The one-organism sample control group was assigned a 1-fold expression level.
Gene expression data for each treatment, or interaction type, was recorded as the mean
fold expression of each sample set relative to the one-organism control.

Compression Strength Testing
Following the four-week incubation, all test samples were subjected to a crushing
test to determine compressive strength loss caused by microbial decay.

Test and

unexposed control wafers were saturated with water by soaking to ensure moisture
content in all samples was above the fiber saturation point. Each test and control wafer
was accurately measured using an electronic micrometer along the tangential, radial and
longitudinal axes. Wafers were then compressed 5% in the radial direction to measure
the remaining compression strength.

Compressive strength values for each pair of

unexposed control wafers were averaged and compared to the corresponding
experimental sample to determine strength loss due to decay (AWPA, 2007). This
information was correlated with gene expression data to evaluate the impact of each
interspecific interaction on the overall severity of decay.

Statistical Analysis

Analysis of Gene Expression Data
Gene expression data were analyzed using SAS v9.1.3. Differences in expression
level among the interaction types and the one-organism control group for each organism
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and primer set were analyzed for statistical significance using PROC GLM. Duncan’s
multiple comparisons were included in the PROC GLM analysis to identify significantly
different sample sets. Expression was the response variable and alpha was specified as
0.05 for all analyses.

Analysis of Compression Strength Data
Compression strength values of exposed test wafers were compared to the average
of the corresponding unexposed controls to obtain percent strength loss for each sample.
Using PROC GLM coupled with Duncan’s multiple comparisons in SAS v9.1.3,
differences in average percent strength loss between each interaction type and the
corresponding one-organism control groups were analyzed for statistical significance.
For these analyses, alpha was specified as 0.05 and percent strength loss was the response
variable. In order to evaluate the correlation between percent strength loss and gene
expression level for each degradative enzyme under consideration, Pearson’s correlation
coefficient was determined using PROC CORR in SAS v9.1.3.

Denaturing Gradient Gel Electrophoresis Procedures

Accelerated Decay Chamber Setup
Denaturing gradient gel electrophoresis was used to elucidate the identity and
diversity of soil microorganisms actively producing degradative enzymes during the
decay process. Due to the lack of colonization and decay of test wafers in the multipleorganism interaction tests, four accelerated decay chambers lacking test wafers
containing 150g unsterilized soil and 75mL deionized water in addition to two feeder
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strips were incubated for 60 days at 28°C to allow colonization and partial decay of the
feeder strips by soil microflora.

Sample Preparation
Following incubation, feeder strips were removed from the accelerated decay
chambers and two, 0.15g sawdust samples were removed from the edges of each feeder
strip using a sterilized rasp. These samples were used immediately for RNA extraction.

RNA Extraction and cDNA Preparation

Extraction
RNA extraction was carried out using the Ambion RNAqueous Total RNA
Isolation Kit (Ambion, Austin, TX). Each 0.15g sawdust sample was placed in two, 2mL
screw-top tubes, 0.075g each, with two 5mm glass beads, 750μL binding buffer, and
75μL of Ambion Plant Isolation Aid. Samples were homogenized on a Biospec Mini
Beadbeater bead mill (Biospec, Bartlesville, OK) for six minutes at maximum speed.
The tubes were subsequently centrifuged at 11,000 x g for two minutes and the
supernatant was collected in a new 1.5mL tube and centrifuged again to remove any
suspended debris. 750μL of the clarified supernatant was mixed with an equal volume of
64% ethanol and passed through the silica membrane filter cartridge using a vacuum
manifold. Filter cartridges were repeatedly washed to remove contaminants before being
dried by centrifugation for one minute at 11,000 x g. RNA was eluted from each silica
membrane using two aliquots, 40μL and 20μL, of preheated 70°C elution buffer.
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DNase Treatment
Genomic DNA contamination in the eluted RNA samples was removed using the
Ambion TURBO DNA-free Kit. One microliter DNase I and six microliters DNase
buffer were added to each sample and incubated at 37°C for 25 minutes. Six microliters
of DNase Inactivation Reagent were added to each sample and incubated for two minutes
at room temperature to remove the enzyme. Samples were centrifuged at 11,000 x g for
two minutes to pellet the inactivation reagent and the supernatant was transferred into a
clean 1.5mL storage tube (Ambion 2007). All RNA samples were quantitated using a
NanoDrop 1000 spectrophotometer (Thermo Scientific, Waltham, MA) prior to storage at
-70°C.

cDNA Synthesis
Total RNA was reverse transcribed to cDNA using the Bio-Rad iScript cDNA
Synthesis Kit (Bio-Rad Laboratories, Hercules, CA). Based on quantitation data, cDNA
synthesis reactions were standardized to 0.05μg template RNA each. RT+ 20μL reaction
included 4μL of 5x iScript Reaction Mix and 1μL reverse transcriptase in addition to the
required volumes of template RNA and water. The iScript Reaction mix contains a mix
of oligo (dT) and hexamer primers that permits reverse transcription of both rRNA and
mRNA. RT- reactions were also set up that contained identical reagents and template to
the RT+ reactions, but lacked reverse transcriptase to allow screening of samples for
genomic DNA contamination.

cDNA synthesis was carried out on an Eppendorf

Mastercycler (Eppendorf, Hamburg, Germany) and consisted of a 5 minute incubation at
25°C followed by 30 minutes at 42°C and 5 minutes at 85°C.
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Degenerative PCR Procedures
Because the exact sequence of transcripts present in the extracted samples were
unknown, degenerative oligonucleotide primers corresponding to genes of interest were
used to amplify these sequences prior to separation via electrophoresis. Basidiomycete
lignin peroxidases were amplified using the forward primer (5’-[G/C]C[G/T/C] AAC
AT[T/C] GG[T/C] CT[T/C] GAC GA) and reverse primer (5’-TC[G/C] A[G/T/C]G
AAG AAC TG[G/C] G[A/T]G TC). Basidiomycete manganese dependent peroxidases
were amplified using forward primer (5’-G[A/C][G/A] ATG GCC TTC [A/G][A/G]T
TC[T/C] T) and reverse primer (5’-TTA [G/T]GC AGG [G/A]CC [G/A]T[T/C] GAA
CT). Product length for both primer sets was between 450 and 550 base pairs. Each
100μL PCR reaction contained 10μL thermophilic 10x buffer; 1.5mM MgCl2, 200nM
each dATP, dTTP, dGTP, and dCTP; 500nM each forward and reverse primer, 3 units
Taq DNA polymerase and 2μL cDNA template. Amplification reactions were performed
on an Eppendorf Mastercycler (Eppendorf, Hamburg, Germany) using a 1 minute 94°C
denaturation followed by 1 minute annealing at 50°C for Lip primers and 52°C for Mnp
primers with a 1 minute 72°C extension for 45 cycles (Pointing et al. 2005). 12μL of
each reaction was electrophoresed on a 2% agarose gel containing GelStar nucleic acid
gel stain (Lonza Rockland) to visually confirm amplification.

Denaturing Gradient Gel Electrophoresis
PCR products displaying adequate amplification were separated using denaturing
gradient gel electrophoresis on a Bio-Rad DCode Universal Mutation Detection System
(Bio-Rad Laboratories, Hercules, CA). A 1mm thick, 16 x 16cm 8% acrylamide/bis
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(37.5:1) gel containing a parallel denaturing gradient of 30-70% created using the BioRad model 475 Gradient Delivery System (Bio-Rad Laboratories, Hercules, CA) was
utilized for separation.

A mixture of 40% deionized formamide and 7M urea was

considered to be a 100% denaturant solution. Wells were formed in 0% denaturant
stacking gel added above the denaturing gel. 15μL of PCR product was mixed with an
equal volume of 2x gel loading dye (0.05% bromophenol blue, 0.05% xylene cyanol and
70% glycerol) and loaded into the stacking gel. Electrophoresis was carried out in 1x
TAE buffer (20mM acetic acid, 40mM Tris and 1mM EDTA) at 100 volts for 16 hours at
60°C. Visualization of the separated fragments was accomplished by post-staining with
5μL GelStar nucleic acid gel stain (Lonza Rockland) in 50mL 1x TAE buffer for 30
minutes followed by UV transillumination.

Gel Extraction
Discrete fragments detected by transillumination were manually excised from the
gel and crushed before being suspended in 30μL of 5mM Tris/HCl buffer. Samples were
subsequently incubated at 37°C in a shaker incubator for 16 hours to allow the DNA
fragments to diffuse out of the gel. Following incubation, residual acrylamide was
separated from the diffusion buffer via centrifugation. DNA recovered in the supernatant
was concentrated by binding to a Nucleospin Extract II column (Macherey-Nagel,
Easton, PA) followed by elution in 15μL of 5mM Tris/HCl buffer. The resulting DNA
solution was quantitated using a NanoDrop 1000 spectrophotometer (Thermo Scientific,
Waltham, MA). Due to the relatively low efficiency of the diffusion method used,
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composite samples were created by concentrating several individual extracts on a
Nucleospin Extract II column for use in the ligation reaction.

Cloning
DNA fragments recovered from the gel extraction procedure were subsequently
ligated into a pCR 4-TOPO plasmid vector and transformed into chemically competent
One Shot TOP10 E. coli using the Invitrogen TOPO TA cloning kit (Invitrogen,
Carlsbad, CA). To ligate the insert into the vector, 4μL DNA template was mixed with
1μL salt solution and 1μL pCR 4-TOPO vector and incubated on ice for 5 minutes. 2μL
of the ligation mixture was added to each vial of One Shot TOP10 E. coli cells and
incubated on ice for 30 minutes. Following incubation, the cells were subjected to a 30
second heat shock at 42°C before being placed on ice for 2 minutes. 250μL S.O.C. media
was added to each vial received prior to incubation at 37°C for 1 hour with shaking. A
100μL aliquot of each vial was plated on prewarmed Luria-Bertani agar containing
75μg/mL ampicillin. Use of this selective media, combined with a lethal gene contained
within the plasmid vector, allows the proliferation of only positive transformants and
obviates further screening techniques. Plates were incubated at 37°C for 16 hours and
discrete, well separated colonies were scored and inoculated into Luria-Bertani broth.
Cultures were grown overnight at 37°C before being aliquoted and subjected to
centrifugation to pellet the cells. Excess culture media was removed and the cell pellets
were stored at -20°C prior to plasmid extraction.

34

Plasmid Extraction
Plasmid extraction was performed using the Invitrogen Purelink Quick Plasmid
Miniprep kit (Invitrogen, Carlsbad, CA).

Cell pellets were resuspended in 250μL

resuspension buffer containing RNase A prior to lysis with 250μL lysis buffer. 350μL
precipitation buffer N4 was added to each tube and incubated for 5 minutes at room
temperature. Lysis debris was removed via centrifugation at 11,000 x g for 10 minutes
and the supernatant was passed through a silica column. The column was washed twice
with buffers W9 and W10 before plasmid DNA was eluted with 50μL buffer TE (10mM
Tris/HCl, 0.1mM EDTA, pH8.0). Purified plasmid DNA was stored at -70°C prior to
analysis and sequencing.

Sequencing
Sequencing reactions were performed using the GenomeLab Dye Terminator
Cycle Sequencing Quick Start Kit (Beckman Coulter, Fullerton, CA). Approximately
75fmol plasmid DNA was preheated in 10μL water at 96°C for 2 minutes prior to the
addition of 8μL DTCS Quick Start Master Mix and 2μL primer (1.6pmol/μL). Forward
reactions used primer T3 (5’-ATTAACCCTCACTAAAGGGA) and reverse reactions
used primer T7 (5’-TAATACGACTCACTATAGGG). Sequencing reactions were
performed on an Eppendorf Mastercycler (Eppendorf, Hamburg, Germany) using a 20
second 96°C denaturation followed by 20 second annealing at 50°C with a 4 minute 60°C
extension for 30 cycles.

Following thermal cycling, reactions were stopped by the

addition of 2μL 3M sodium acetate, 2μL 100mM Na2-EDTA and 1μL glycogen to each
sample. The reaction product was subsequently purified by precipitation in 60μL cold
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95% (v/v) ethanol via centrifugation at 11,000 x g for 15 minutes. The nucleic acid pellet
was rinsed twice with 200μL 70% (v/v) ethanol and air dried prior to resuspension in
40μL sample loading solution. All samples were transferred to a 96-well sample plate
and overlaid with mineral oil to limit evaporation or oxidation.

Sequencing was

performed on a CEQ 8000 DNA Analysis System (Beckman Coulter, Fullerton, CA) and
sequence data was analyzed using CEQ 8000 Genetic Analysis System v.10.0 software.
Forward and reverse sequences from each sample were aligned using Lasergene
MegAlign (DNASTAR, Madison, WI) and vector sequence was removed manually.
NCBI tblastx was subsequently used to compare each unknown sequence in translated
form with translated nucleotide data available in NCBI Genbank in an attempt to identify
the organism actively producing mRNA transcripts of the genes of interest at the time of
sampling.
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CHAPTER III
RESULTS AND DISCUSSION

Preliminary Results

18S rRNA Screening for Basidiomycete Colonization
Prior to quantitative PCR, all samples were screened for the presence of
basidiomycete 18S rRNA via conventional PCR to ensure colonization of the test wafers
had taken place. All test wafers incubated in accelerated decay chambers containing
sterilized soil with one or two inocula were found to be colonized by at least one
basidiomycete species at the time of sampling. Within the multiple-organism interaction
sample group inoculated with a single basidiomycete and incubated with unsterilized soil,
only Trametes elegans inoculated wafers exhibited basidiomycete colonization by 30
days. In the soil microflora expression diversity study, all test wafers incubated in
chambers containing unsterilized soil without an inoculum were colonized by at least one
basidiomycete species at 60 days incubation.

Expression of Degradative Gene Products by Species
Conventional PCR amplification of cDNA from all organisms under
consideration was used to simultaneously verify the specificity of species-specific
primers and determine which degradative gene products were being actively produced by
each species at the time of sampling. mRNA transcripts of Phanerochaete
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chrysosporium lignin peroxidase isoform A and Trametes elegans manganese peroxidase
I were detected in wood colonized with the respective species. Both Gloeophyllum
sepiarium and Gloeophyllum trabeum were found to be actively expressing an alcohol
oxidase gene associated with lignin depolymerization in brown-rot wood decay.
Phanerochaete chrysosporium manganese peroxidase I and Trametes elegans lignin
peroxidase I were not found to be expressed after 30 days incubation.

Variability in

expression level among individual replicate samples of each interaction condition was
found to be significantly greater than the expression variability among replicate reactions
of a single template. For this reason, each gene expression value noted below is the
average obtained from eight individual replicate samples of that condition, or interaction
type.

Two-Organism Interaction Gene Expression Results

Trametes elegans
Expression levels of manganese peroxidase I in T. elegans colonizing test wafers
were quantitated under pure culture conditions and during a series of two-party
interactions with P. chrysosporium, G. sepiarium and G. trabeum. Expression values for
interaction tests are described as fold expression normalized to the T. elegans singleorganism control expression level in figure 3.1. When interacting with P. chrysosporium,
T. elegans expression levels of manganese peroxidase I increased 84% compared to the
single-organism control. The expression levels decreased 75% when interacting with G.
trabeum.

No significant difference was observed between G. sepiarium interaction

expression levels and single-organism control expression.
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Figure 3.1: Graph detailing expression levels of manganese peroxidase I in T. elegans
during controlled interactions with P. chrysosporium, G. sepiarium and G.
trabeum.
Expression levels with same Duncan's grouping were not
significantly different at α=0.05. Values represent average of all individual
replicate samples of each condition.

Phanerochaete chrysosporium
Expression levels of lignin peroxidase A in P. chrysosporium colonizing test
wafers were quantitated under pure culture conditions and during a series of two-party
interactions with T. elegans, G. sepiarium and G. trabeum.

Expression values for

interaction tests are described as fold expression normalized to the P. chrysosporium
single-organism control expression level in figure 3.2.
When interacting with T. elegans, P. chrysosporium expression levels of lignin
peroxidase A increased 30% compared to the single-organism control.
increased 65% when interacting with G. sepiarium.
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Expression

No significant difference was

observed between G. trabeum interaction lignin peroxidase A expression levels and
single-organism control expression.

Figure 3.2: Graph detailing expression levels of lignin peroxidase A in P. chrysosporium
during controlled interactions with T. elegans, G. sepiarium and G. trabeum.
Expression levels with same Duncan's grouping were not significantly
different at α=0.05. Values represent average of all individual replicate
samples of each condition.

Gloeophyllum sepiarium
Expression levels of alcohol oxidase in G. sepiarium colonizing test wafers were
quantitated under pure culture conditions and during a series of two-party interactions
with T. elegans, P. chrysosporium, and G. trabeum. Expression values for interaction
tests are described as fold expression normalized to the G. sepiarium single-organism
control expression level in figure 3.3.
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G. sepiarium expression levels of alcohol oxidase decreased in all interaction tests
by approximately 71% relative to the single-organism control. All interaction expression
levels were significantly different from the control, but not significantly different from
each other.

Figure 3.3: Graph detailing expression levels of alcohol oxidase in G. sepiarium during
controlled interactions with T. elegans, P. chrysosporium and G. trabeum.
Expression levels with same Duncan's grouping were not significantly
different at α=0.05. Values represent average of all individual replicate
samples of each condition.

Gloeophyllum trabeum
Expression levels of alcohol oxidase in G. trabeum colonizing test wafers were
quantitated under pure culture conditions and during a series of two-party interactions
with T. elegans, P. chrysosporium, and G. sepiarium.
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Alcohol oxidase transcripts were

detected in the single-organism control and in the G. sepiarium interaction samples. G.
trabeum ITS I rRNA was detected only in the single-organism control samples,
indicating that the organism was not metabolically active in any of the interaction test
samples after 30 days incubation. The alcohol oxidase transcripts detected in the G.
sepiarium interaction samples are therefore attributable to G. sepiarium alone. The
survival and growth of G. trabeum was apparently inhibited in all interaction tests by the
presence of other basidiomycete species. The mechanisms of this inhibition is unknown,
but the lack of vegetative G. trabeum cells in any two-organism test sample suggests that
these mechanisms are common to wood-decay basidiomycetes.

Multiple-Organism Interaction Gene Expression Results
Multiple organism interaction test wafers were inoculated with a single
basidiomycete and incubated with unsterilized soil for 30 days. Only Trametes elegans
inoculated samples contained detectable ITS I rRNA at the time of sampling and were
subsequently included in the gene expression study. P. chrysosporium, G. sepiarium and
G. trabeum inocula were apparently inhibited by soil microflora and were not
metabolically active in the test wafers at the time of sampling. Expression levels of
manganese peroxidase I in Trametes elegans were quantitated under pure culture and
multiple-organism interaction conditions.

Manganese peroxidase I transcripts were

detected only in the pure culture control samples, indicating that the enzyme was not
being actively expressed by T. elegans at detectable levels in the multiple organism
interaction test wafers at the time of sampling.
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Compression Strength Loss Results

Trametes elegans
Compression strength loss in T. elegans pure culture control and P.
chrysosporium, G. sepiarium and G. trabeum two-party interaction test wafers was
measured following 30 days incubation. Figure 3.4 details average percent strength loss
for each sample type relative to the corresponding unexposed controls.

Compression Strength Loss- T. elegans
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Figure 3.4: Graph detailing compression strength loss in T. elegans inoculated test wafers
during controlled interactions with P. chrysosporium, G. sepiarium and G.
trabeum. Strength loss values with same Duncan's grouping were not
significantly different at α=0.05. Values represent average of all individual
replicate samples of each condition.
Compression strength loss was not significantly different between the singleorganism control and P. chrysosporium interaction samples. Both G. sepiarium and G.
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trabeum interaction sample compression strength losses were significantly greater than
the one-organism control, but not significantly different form each other.

Phanerochaete chrysosporium
Compression strength loss in P. chrysosporium pure culture control and T.
elegans, G. sepiarium and G. trabeum two-party interaction test wafers was measured
following 30 days incubation. Figure 3.5 details average percent strength loss for each
sample type relative to the corresponding unexposed controls.
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Figure 3.5: Graph detailing compression strength loss in P. chrysosporium inoculated test
wafers during controlled interactions with T. elegans, G. sepiarium and G.
trabeum. Strength loss values with same Duncan's grouping were not
significantly different at α=0.05. Values represent average of all individual
replicate samples of each condition.

44

Compression strength loss in G. sepiarium interaction test wafers was
significantly greater than in T. elegans and G. trabeum interaction samples as well as the
single-organism control.

T. elegans interaction compression strength loss was

significantly greater than either the single-organism control or the G. trabeum interaction
samples, but significantly less than that of the G. sepiarium interaction test wafers. G.
trabeum interaction test wafer compression strength loss was not significantly different
from that of the single-organism control.

Gloeophyllum sepiarium
Compression strength loss in G. sepiarium pure culture control and T. elegans, P.
chrysosporium and G. trabeum two-party interaction test wafers was measured following
30 days incubation. Figure 3.6 details average percent strength loss for each sample type
relative to the corresponding unexposed controls.
Compression strength loss was not significantly different between T. elegans and
G. trabeum interaction test wafers, but was significantly greater than in P. chrysosporium
interaction and single-organism control test wafers. P. chrysosporium interaction test
wafer compression strength loss was significantly less than that of T. elegans and G.
trabeum interaction test wafers as well as the single-organism control.
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Compression Strength Loss- G. sepiarium
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Figure 3.6: Graph detailing compression strength loss in G. sepiarium inoculated test
wafers during controlled interactions with T. elegans, P. chrysosporium and
G. trabeum. Strength loss values with same Duncan's grouping were not
significantly different at α=0.05. Values represent average of all individual
replicate samples of each condition.

Gloeophyllum trabeum
Compression strength loss in G. trabeum pure culture control and P.
chrysosporium, T. elegans and G. sepiarium two-party interaction test wafers was
measured following 30 days incubation. Figure 3.7 details average percent strength loss
for each sample type relative to the corresponding unexposed controls.
Compression strength loss in the G. trabeum single-organism control test wafers
was significantly less than that of the T. elegans and G. sepiarium interaction test wafers,
but significantly greater than that of the P. chrysosporium interaction test wafers. T.
elegans and G. sepiarium interaction test wafer compression strength loss averages were
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not significantly different from each other, but were significantly greater than the singleorganism control and P. chrysosporium interaction test wafer strength losses.

Compression Strength Loss- G. trabeum
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Figure 3.7: Graph detailing compression strength loss in G. trabeum inoculated test
wafers during controlled interactions with T. elegans, P. chrysosporium and
G. sepiarium. Strength loss values with same Duncan's grouping were not
significantly different at α=0.05. Values represent average of all individual
replicate samples of each condition.

Multiple-Organism Interaction Compression Strength Loss Results
Multiple-organism interaction test wafers were inoculated with a single
basidiomycete and incubated with unsterilized soil for 30 days. Compression strength
loss was measured in Trametes elegans inoculated samples containing detectable ITS I
rRNA at the time of sampling.

These multiple-organism interaction samples exhibited

an average compression strength loss of 4.1% relative to the corresponding unexposed
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controls. All multiple-interaction test samples displayed a similar lack of visible decay or
strength loss.

Correlation between Gene Expression Level and Compression Strength Loss
Correlation between compression strength loss and gene expression level was
calculated as Pearson’s correlation coefficient using PROC CORR in SAS v9.1.3 for each
interaction series under consideration.

Correlations were based on the compression

strength loss and unscaled expression level of the enzyme of interest in all individual test
wafers in the controlled interaction group. A weak positive correlation of r = 0.469 was
observed between expression levels of lignin peroxidase A and compression strength loss
in P. chrysosporium interaction tests (p=0.012). No linear correlation was observed
between expression levels of manganese peroxidase I and compression strength loss in
Trametes elegans interaction tests (r = -0.221). No linear correlation was observed
between expression levels of alcohol oxidase and compression strength loss in G.
sepiarium interaction tests (r = -0.009).

Due to the lack of colonization in the G.

trabeum interaction samples, no correlation was made between alcohol oxidase
expression levels and compression strength loss. Trametes elegans inoculated multipleorganism interaction samples exhibited a no manganese peroxidase I expression and very
little compression strength loss. Based on evidence from the T. elegans two-organism
interaction tests, the linear correlation between strength loss and manganese peroxidase I
expression levels in these samples is unlikely to hold a meaningful explanation for the
differences in strength loss between the multiple-organism interactions samples and the
corresponding single-organism controls.
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Denaturing Gradient Gel Electrophoresis Results

Gel Observations
cDNA from uninoculated, unsterilized wood samples was amplified with
degenerative basidiomycete lignin peroxidase and manganese peroxidase primer sets and
separated using both conventional agarose and denaturing gradient gel electrophoresis
(DGGE). The degenerative manganese peroxidase primer set yielded no amplification of
template cDNA from any sample. Amplification with the degenerative lignin peroxidase
primer set yielded a collection of 400-500bp fragments visible on 2% agarose gel.
DGGE resolved a single distinct band within this amplicon pool in all cDNA samples
tested. The presence of this single band indicates that one lignin peroxidase mRNA
sequence was being expressed in the colonized feeder strips at 60 days incubation in all
replicates. This band was excised and the DNA extracted for ligation into the pCR 4TOPO cloning vector.

Cloning and Sequencing Results
Due to the low concentration of DNA recovered from the denaturing gradient gel,
cloning efficiency was very low at 1.8x103 transformants/µg DNA in all reactions
attempted.

Plasmid extraction and sequencing was performed on a total of two

transformants that yielded 801 and 786bp inserts, respectively. NCBI tblastx searches
revealed both inserts to be cloning vector sequence. These results indicate the ligation
reaction was not successful in producing plasmid vector containing the desired amplified
cDNA sequence despite modifications to the reaction protocol designed to compensate
for low template DNA concentrations.
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CHAPTER IV
CONCLUSIONS

•

Of the five lignolytic enzymes chosen for inclusion in the gene expression study,
lignin peroxidase A, manganese peroxidase I and alcohol oxidase were actively
expressed in colonized wood after 30 days incubation under optimal conditions.

•

Differential expression of these enzymes was detected via real-time RT-PCR in most
of the controlled interaction tests in which two basidiomycetes were allowed to
colonize the same resource.

•

Expression trends for a given enzyme and species were variable among different
interaction pairings as summarized in Table 4.1 below.

Table 4.1: Mean expression levels of lignolytic enzymes under two-organism interaction
conditions relative to single organism controls. Species and enzyme under
consideration is noted in left most column. Interaction species is noted in
upper row.
Values are percent change in expression relative to single
organism control or “normal” level.
T. elegans

P. chrysosporium

G. sepiarium

G. trabeum

Normal

+84%

Normal

-75%

+30%

Normal

+65%

Normal

-71%

-71%

Normal

-71%

None Detected

None Detected

None Detected

Normal

T. elegans
Manganese Peroxidase I

P. chrysosporium
Lignin Peroxidase A

G. sepiarium
Alcohol Oxidase

G. trabeum
Alcohol Oxidase
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•

The successful colonization of wood substrate by Gloeophyllum trabeum under pure
culture conditions suggest that its inability to survive in the presence of other
basidiomycetes was due to inhibition phenomena and not the loss of wood-utilization
capabilities due to attenuation.

•

Soil microflora strongly inhibited the growth of P. chrysosporium, G. sepiarium and
G. trabeum in the multiple-organism interaction tests and inhibited the expression of
manganese peroxidase I in T. elegans to below detectable levels. No discoloration or
mycelial growth was visible on any multiple-organism interaction test sample,
indicating that the mechanism of inhibition was a form of chemical antagonism rather
than hyphal interference, mycoparasitism or gross mycelial interaction.

•

The T. elegans strain used in this study was isolated from the same site as the soil
used in the multiple-organism interaction tests, potentially explaining why T. elegans
alone survived to colonize the test wafers in the presence of unsterilized soil. The
lack of manganese peroxidase production by this fungus in the presence of the soil
microflora from which it was isolated illustrates the complexity of transcriptional
patterns in environmental microbial communities.

•

Compression strength loss due to fungal degradation was highly variable among
interaction pairings. A general trend toward greater compression strength loss was
observed in two-organism interaction samples relative to single organism controls.

•

The positive correlation (r = 0.469) between lignin peroxidase A expression and
compression strength loss in P. chrysosporium interaction tests suggests an
association between expression levels of this enzyme and lignin depolymerization
during wood degradation by this species. This enzyme may therefore be one of
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several that are collectively responsible for lignin modification in wood colonized by
P. chrysosporium.
•

The lack of any linear correlation between compression strength losses and
expression levels of manganese peroxidase I in Trametes elegans or alcohol oxidase
in G. sepiarium interaction tests seem to indicate that despite the fact both enzymes
are differentially expressed under interaction conditions, their transcription levels
have no direct affect on the severity of wood decay caused by their respective species.
While these enzymes may not be directly responsible for the majority of strength loss
in colonized wood, they undoubtedly play some role in the wood decay process such
as preparing the wood structure for attack by other lignolytic, cellulolytic or
hemicellulolytic enzymes.

•

Monitoring gene expression over multiple time points would permit a more accurate
correlation to be made between transcriptional activity of a gene and overall decay
progression. Quantitation at multiple sampling times could take into account variable
expression and strength loss due to dynamic interactions throughout the decay
process that are not accurately reflected in samples taken at a single, arbitrary
endpoint.

•

The detection of a single lignin peroxidase transcript by DGGE in wood samples
exposed to the soil microbial community reinforces the notion that under any given
set of conditions, only a portion of the microbial community will be actively
participating in the utilization of a particular organic substrate and this group may
only be transcribing a fraction of the degradative enzymes contained within their
genomes.
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•

Additional optimization of the gel extraction procedure will be conducted to recover
DNA from the denaturing gradient acrylamide gels in concentrations usable for
cloning.

Production of viable plasmid vector containing the isolated lignin

peroxidase fragment will potentially allow the identification of the organism from
which it originated. Sequencing multiple clones will determine if the resolved band
contains a single amplified cDNA sequence or several extremely closely related
fragments from one or more basidiomycetes.
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